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ABSTRACT

A wind tunnel test was performed to measure the
fluctuating pressures at the surface of a 2.75%
~model of the Saturn I vehicle -- SA5 configura-
tion (as of October, 1962). Overall levels and
octave band spectrum shapes are reported and
analyzed for 10 Mach numbers (0.8 - 3.5) at var-

ious angles of attack (from -8° to +8°). Details

of the test plan and procedures as well as des-
criptions of the various calibrations which were
necessary are included. Extrapolation to full -
scale-cqnditions indicate considerable boundary
layer energy is available over a wide frequency
range during forty to fifty seconds of the pro-
posed Saturn exit trajectory. Further studies
are therefore warranted to determine the extent
of structural response to boundsry layer excita-
tion -~ this aspect not being covered in the
report,
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PREFACE

This document constitutes the final report
of phase one of the 2.75% model scale Saturn
wind tunnel test, and covers the study of
fluctuating pressures at the surface of the
model. It 1s partial fulfillment of Scope
Change 124 of NAST-1l comtract. The test
vas performed by Douglas personnel in the

. Douglas Aerophysics Laboratory, El Segundo,
California.
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1.0 INTRODUCTION

Preliminary estimates of in-flight fluctuating pressure levels near cer-
tain protuberances at the exterior surface of the Saturn I space vehicle
indicated the possibility of an extremely severe enviromment. Since no
precise measurements were available from similar areas of other vehicles »
and in the absence of theoretical methods » 1t was deemed advisable to
perform a detalled study based upon a model scale test in a wind tunnel.

The study was funded by NASA and was planned and executed by the Douglas
Alrcraft Company with the cooperative support of the Experimental Aero-
dynamics Section of the Aercballistics Division of the Marshall Space
Flight Center at Huntsville, Alabema. The test was performed in the
Douglas Aerophysice Laboratory's i' x bt trisonic wind tunnel in November
of 1962.

This document discusses the preparation, performance, and results of

- phase one of the model scale wind tunnel test (measurement of the fluctu~
ating pressure at the surface of a 2.75% scale Saturn vehicle). A data
supplement is availlable on request which quotes the actual data obtained
and the corrections for calibrations, the recorder attenuator settingé ’
and the data for any invalidated runs.







O TEST APPARATUS

2.1 Facllities

The Douglas Trisonic wind tunnel is a well equipped facility with ade-
quate shop equipment and personnel to properly maintain and modify a
model (ref. 1). The four foot tunnel has two interchangesble test sec-
tions, elther of which may be installed in less than eight hours. The
supersonic section is 60 inches in length and the transonic 1kl inches
in length. Each of the test sections contains two 30 inch clear view
«wih@owa arranged on the model centerline so that shadowgraphs or schlieren
photogiaphs may be made. Film processing is done at the tunnel so that
the results may be viewed between runs. The model support structure is
80 arranged that a pitch range of -15° to +25° and rolls up to 185° can
be accomplished without opening the tunnel.

The dttachment of the model to the model support structure is done by a
hollow cylindrical sting, allowing the leads from the model instrumenta-

tion to be routed out of the tunnel without being exposed to the tunnel
~alrflow.

The static pressure tap leads are routed to a pressure scanning switch
which allows the selection of preset groups of pressure points to be

read simultaneousiy. This information is then routed to an automatic
recording system. This recording system receives data from various kinds
of sensors and prepares punched cards detailing the measured static pres-
sures, tunnel total pressures, tunnel temperature,free stream pressﬁre,
Reynolds number, and dynamic pressure (q) of the flow, as well as angles
of attack and roll. Ieads carrying electrical signals from the fluctu-
ating pressure transducers mounted in the model are routed to rack mounted
amplifiers located below the test section of the tunnel, where the signals
may be controlled for level. From the output of the amplifiers the sig-
nals are fed to tape recorders located, with the automatic recording
equipment, in the tunnel control room. Further details of these test
mechanics are given in ref. 2.




2.2 Models

For this fluctuating pressure test, three configurations were examined.
One basic model was constructed which incorporated sufficient versatility
to suffice for each of the different configurations studied. The model
vwas a 2.75% rigid model of the Saturn I vehicle consisting of two cali-
bers of the 8-1 stage, the S-IV stage, the guidance and control package,
and the Apollo nose cone (see Figure 1). Attachable to the basic model
were all the protrusions on the vehicle such as retro.rockets, camera
packs, hydrogen chill down ducts, ullage rockets, antenna panel, ete.,

as well as the abort tower on top of the vehicle (see Figures 2 and 3).

The first configuration tested (configuration A) was the basic model de-
void of all protrusions except for the abort tower and rocket which were
attached (Figure 1). The second configuration (configuration B) was com-
posed of the basic model plus every external part, fairing, or protrusion
characteristic of the A5 flight vehicle as its design was fixed in QOcto-
ber of 1962 (including the wedge shaped fairings for the exposed I beam
ends, see Figure I). The third and last configuration (configuration C)
tested during this first phase of a Saturn vehicle pressure study, was
the configuration B modified by a 20° fairing covering the SI/S-IV junc-
ture (see Figure 5).

The only other model modification made which was not discussed above, was
incorporated in the B configuration studies. This further change con-
sisted of checking the effects in fluctuating pressure levels over the
whole surface of the model of (1) & disc with a diameter 2-1/2 times that
of the abort rocket placed near the rocket's tail (see Figure 3) and (2)
of varying the angle of the abort rocket's tail fairing. The results of
these tests are discussed in Part IV of this report.

2.3 Instrumentation

The instrumentation system used to measure and record the fluctuating
pressure data on the models consisted of the following items (see ref. 3):




45 Model IDBO-ML Atlantic Research Transducers
3 Model 6006 Columbia Research Amplifiers (18 channels)
3 Model 6003 Columbia Research Amplifiers ( 9 channels)
45 Model CFP-IN-30 Extension Probes
1 Ampex Model CPLOO Tape Recorder - 14 track
1 Sangamo Model 4T1RB Tape Recorder - 1lb track

‘This system was the result of an intensive search of the equipment avail-
able in each category, and in the case of the transducers, an instrumen-
tation development program.

By surveying the commercially available transducers, it was determined
that a transducer embodying the following characteristics did not exist:

1. Small diaphragm area to prevent pressure cencellation of
small high frequency eddies

2. High natural frequency of resonance
3. Adequate sensitivity
L, Capebility of handling large amplitude fluctuations

5. Suitable encasement to allow flush mounting in the model and
close center to center spacing between adjacent transducers.

Several companies expressed & willingness to develop such s transducer
if the Douglas Company would provide assistance; however, time did not
permit this type of program. '

Several companies proposed modifications to existing transducers. Three

- of these companies were requested to submit samples of the units they
proposed to modify, and these sample units were tested and evaluated.

Two of these transducers were piezo-electric, the third was an RF suppres-
sed carrier capacitance type. The modifications necessary to each unit
were detailed by‘Douglas. These consisted basically of a reduction of
diaphragm area, raising the natural frequency of resonance, and a reduc-
tion 6f overall size. As a consequence of the evaluation, it was decided
not to proceed with the modification of the capacitance type transducer
because, in order to achieve the overall reduction in size necessary,

the RF carrier frequency would have to be shifted. This would have en-
talled modification df the electronics package as well as the transducer,




which would have been expensive and time consuming. A parallel develop-
ment of the remaining two piezo-electric transducers wes instigated by
the Douglas Compan& in close cqoperatidn;with the two companies involved.
Several approaches to the solution of the problems were discussed with
each of the companies. Prototype units wéré‘fébricated and tested until
~a satisfactory solution was achieved. The Atlantic Research Corporation
at Alexandria, Va., following the suggestions advanced by the Douglas
Company, was successful in modifying their model ID8B0 transducer to meet
most of the objJectives desired. Forty five of the new transducers,
bearing model number IDB80-M1 were ordered for the test. The transducers
were 3/8 inches in overall dismeter, with a 3/8 x 24 threaded external
case (see Figure 6). The sensing element was a lead zirconate crystal
approximately .060 inches in diemeter.

With the selection of the transducer completed, the amplifier requirements
vere determined. A data search was made, and where available, samples of
amplifiers were obtained and tested. Size not being a major consideration,
there was considerable choice available. It had earlier been determined
that with 43 transducers installed, it would not be possible to locate

the amplifiers internally in the model.

The final choice was a Columbia Research Laboratories Model Series 6000
amplifier along with a thirty foot low-loss driven shield extension probe
designed to operate with the amplifier. This choice allowed the location
of ﬁhe emplifiers cutside the wind tunnel test section with a total loss
due to cabling of 6 db (compensation for this 6 db loss was made by cor-
recting the equivalent voltage response of the transducer).




3.0 TEST PROCEDURES

3.1 Test Conditions

Each of the three configurations described in Section 2.2 gbove, was
tested at nine angles of attack at each of nine Mach numbers. The angles
were -8°%, -6°, -4°, -2°, 0°, +2°, +°, +6°, and +8°; the Mach numbers
were 0.8, 0.9, 0.95, 1.00, 1.05, 1.2, 1.6, 1.8, and 2.0. In addition,
configuration B was tested at 0° and +2° for a Mach number of 3.5 and

for a 45° roll at Mach number 1.6 (for all the prescribed nine angles
of attack).

Five shadowgraphs were taken during most runs at the angle of attack
positions -8%, -4°, 0°, +4°, ana +8°. Two fourteen-track tape recorders
provided twenty-four simultaneous data tracks during each run (the other
four tracks being used for synchronization and voice cueing) on which
fluctuating pressure Information measured at the surface of the model
was recorded (see Figure T for model measurement locations). Thirteen
static pressure transducers were also in operation for each run. Two
vibration pickups were mounted in the model so that any contribution
from mechanical excitation in the recorded pressure data would become.
evident. Wind tunnel data were measured and recorded separately, pro-
viding basic data such as free stream pressure, Reynolds number, temper-

ature, Mach number, and pitch, yaw and roll angles of the model (see
" ref. 2).

Easy access to the model, its many attachments and/or its internal instru-
mentation was availesble at any time. Daily calibrations and constant

visual checks monitored the physical aspects of the test in addition to
the data monitoring.

Duplicebility and data checks show validity of a considerable quantity
of the data. Further elaboration of this statement is contained in
section 4.0 (analysis of results).




3.2 Calibrations and Resultant Corrections

To ensure data accuracy, several different calibration techniques had to

be employed for this test. These calibrations are enumerasted and dis-
cussed below. '

3.2.1 V¥ind Tunnel

- It was necessary to determine the apparent noise of the wind tunnel in
the vieinity of the model measurement positions, but without the model
mounted in the tunnel. Svch a calibration enables one to differentiate
between (1) a measurement of fluctuating pressure levels at the surface
of the model induced by the turbulent boundary layer (itself produced by -
the presence of the model) and, (2) a fluctuating pressure level parti-
ally or predominately induced by the apparent wind tunnel noise. This
apparent wind tunnel noise includes the direct and reflected acoustic
pressures as well as pressure fluctuations induced by turbulence in the
flow.

There are two different basic techniques by which the levels of the ap-
parent noise in a wind tunnel can be measured. In the first case, a
small housing for the sensing transducer is éonstructed so as to cause

a minimum influence on the flow over the sensing element (see Figure 8).
To keep the sensing element in laminar flow, the transducer is mounted
near the leading edge of the plate. The back side of the leading edge
is canted so that at most speeds the shock wave is atﬁached to that side
of the plate (not affecting the flow over the sensing element of the
transducer). Also, buried transducers (in blind holes) verify the pre-
miée that no vibratory motion is contributing to the measured data. In
the second case, the flow characteristics are modified by the presence
of the calibration body (a hemisphere facing the flow with the trans-
ducer at the stagnation point) but in a predetermined and calculable
manner (see Figure 9). For the Saturn wind tunnel test, one of each of
these types was constructed and tested. Each was superior in certain
frequency ranges and certain Mach regions. The resultant calibration is
plotted in Figure 10 with typical spectra in Figures 1l to 18. Substantial




energy is present in the 5000-10,000 cps range of frequencies. Other
measurements in the tunnel verify the presence of this energy, but its
exact origin is unknown at this time. An effective acoustical filter
had been installed between the control valve and the test section at the
Inception of operation of this trisonic wind tunnel. Since the frequency
of this extra energy does not appear dependent on Mach number (as would
be the case If the control valve were the source and the acoustlc filter
was ineffective) the actual source of this energy is probably the bound-
ary layers at the four perforated walls.

3.2.2 Transducers

The model ID80O-ML transducers were qualified for use in the test in three‘
separate callibration procedures. Atlantic Research performed a linearity
and sensitivity calibration of the transducers with their varisble pres-
sure or dead weight static pressure type calibrator. After delivery, the
Douglas Company performed a low frequency acoustic calibration, using a
Ling Altec model 12185, Microphbne Calibrator, from 30 cps to 3000 cps.
The Ling Temco Vought (L.T.V.) Research Center performed a high frequency
acoustic calibration from 200 eps to 100,000 cps. This was a comparison
type calibration using as a reference a Bruel & Kjaer 1/4" diameter micro-
phone, model number 4136 (see Appendix A). The acoustic source for this
calibration was a L.T.V. developed electro-static transducer, calibrated
to 200,000 cps.

The validity of using an acoustic type of calibration to qualify the
transducers for measuring the pressure fluctuations in a turbulent bound-
ary layer lies in the fact that the transducer responds to pressure
fluctuations at its surface independently of how these pressures are
generated, whether by acoustic waves or by eddies convected by the flow.
Bearing this in mind, it was determined that, with few exceptions, the .
ID80-ML transducers could be considered as having a flat frequency res-
ponse (within * 2 db) from 200 cps to 80,000 ecps, -~ the latter being
the upper frequency limit of interest.
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The vibration sensitivity of the ID8O-ML transducers was evaluated by
subjecting several transducers to vibration on a small calibrated vibra-
tion table {through the range of 1 to 10 g.rms at frequencies of 50, 100,
200, k00, 800, 1000, 2000, 4000, 'and 5000 cps. The transducers were
vibrated in three mutually perpendicular diféétions. A typlecal response
curve at 1 g rms normal to the sensing element is(shown in Figure 19.

As the analysis of the vibration data could not be completed prior to

the start of the test, and in order to safeguard the validity of the data
taken during the test, each transducer and its associated cable was sub-
Jected to a 2 g rms vibration at 800 cps. These data were recorded and
are tabulated in Figuré 20. In gll cases, it can be shown that the vib-
ration-induced signals were not significant in comparison to the pressure-
induced signals of the transducers during the test.

3.2.3 Amplifiers

The amplifiers and thelr input attenuators were individually calibrated
through the expected range of frequencles, using standard techniques.
Each of the thirty-foot extension probes was individuaslly calibrsted for
attenuation characteristics.

3.2.4 gystems

With the probes installed in the model and connectéd to the amplifiers

each channel was checked for continuity and attenuation by inserting a
known voltage at the transducer end of the probe and checking the output

of the terminated amplifier. This was done for several frequencies. In
order to check each complete system from the transducer through its
assoclated amplifier to the recorder amplifier once the model was installed
in the tunnel, an airhorn producing a sound pressure level of approximately
130 db three inches from the horn, was placed at this distance away from
each transducer in turn. Using one channel as a standard, the output of
each of the other channels was compared to the standard. This ratio of
outputs was checked against the respective transducer sensitivity data

and amplifier calibration data. In‘this way, the relative sensitivity

for each channel was confirmed.




3.2.5 ZRecorders

_ Each of the fourteen recording tracks of each of the tape recorders was
individually calibrated. Tracks 1 and 2 of each recorder were FM re-
corded with a Sh keps center frequency, for recording voice identifica-
tion of runs,and tone burstsfor the identification of stabilized data
points. Tracks 3 through lh.of each recorder were direct record. Each
of these tracks was calibrated from 100 cps to 100 keps at 100 eps inter-
vals and determined to have a flat response within ¥ 2 db. Checks during
the test and a post test analysis confirmed that the ¥ 2 db calibration
accuracy was maintained throughout the test. In addition, a 1000 cps
reference signal was recorded on each track daily to verify the equipment
reliability. | |

3.2.6 Data Reduction Equipment

The calibration of the data reduction equipment will be discussed in the

section below on the techniques and equipment employed.

3.3 Precision of Measurements

The "probable error" of the transducers, based on measurements, is } 2 db.

The recording errors introduce an additional * 2 db, while the auxiliary
tape recorders' amplifiers and filters needed to reduce the data intro-
duce another t 3 db tolerance. The Sanborn equipment on which the data
were transcribed introduces an additional ¥ 2 db. Finally, visual analy-
sis of the printed Sanborn tapes involved an error of up to approximately
+ 1 ab.

If we assume the probabllity curve is applicable in this instance, we
define the probable error of the data for 90% accuracy to be the square
root of the sum of the squares of all the tolerances, or

Probable error = ¥ Vb + b+ 9+ b4+l = + 22=FL.7ab

Therefore, it is unlikely that a measurement error greater than T 53

~would occur.

n
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3.4 Data Reduction

The data, recorded on amplitude modulated tape recorder systems, were
reduced in two ways. First, fof a quick look at the quality of the data,
oscillograms of the signal were prbduced.fﬁThese showed the data to be
of good quality throughout most of the testing and permitted preliminary
estimates of overall magnitudes. ‘

After the test was completed and the necessary equipment became available,
"quasi"l rms octave band and overall levels for all the recorded data were
needed. To fulfill this requirement, an Ampex FR600 tape recorder in
conjunction with Allison octave vand filters and Sanborn log audio pre-
amplifiers and a Sanborn graphic level recorder were used. The "quasi"
rms levels were then read and number values tabulated to facilitate data
analysis. MSFC Aeroballistics Experimental Group is intending to perform

~ power spectral density reduction on those items of particular interest.

Each octave band filter was calibrated using a known white noise signal
so that a filter correction could be included where necessary. These

filter corrections (called track corrections in the data reduction) ap-
pear in tabular form in. the data supplement, and account for deviations

from the known 3 db per octave variation in octave band analysis of white
nolse.

L An sveraging system calibrated to resd rms values was utilized.




L.0 ANALYSIS

k.1 Spatial Distribution of Fluctuating Pressure Levels

Figures 21 through 48 indicate spatial distribution of the overall fluc-
tuating pressure levels, (QAFPL'B) considered valid on those models
tested. The levels which are suspect because of the apparent wind tun-
nel noise or instrumentation dropouts have been excluded. In addition,
some have been excluded here because of their low level, but are dis-
cussed in a later section because of a persistent trend which suggests
a possible reason for these low levels to have occurred.

The OAFPL's noted in the Figures, 21-48, are indicative of the expected
levels on the surface of the three configurations tested of the Saturn I
vehicle with an Apollo escape rocket attached in a 100-mile orbit tra-

Jectory. That is, the levels have had the following corrections incor-
porated:

1. fTransducer calibration correction (see data supplement)
2. Attenuation setting (see data supplement)

3. Cable losses (compensation is made for the cable losses
by modifying the transducer sensitivity value).

L. Data reduction filter corrections (see data supplement)

5. Dynamic pressure differences between the wind tunnel and
in-flight environments (computed to be T db for all Mach
numbers except M = 1.6 which was 6 db and M = 0.8 which
was I db) resulting in the wind tunnel data being lowered
to more nearly correspond to full scale values.

6. Averasging of the values for a particular transducer loca-
tion when repeatability studies permitted it.

As cited, the above corrections include a modification of the measured
rms pressure to include direct proportionality of the pressure magnitude
on dynamic pressure (1/2 times the density of the air times the square
of the free stream velocity). However, no correcton for model scale to
full scale Reynolds number differences was incorporated. The magnitude
of the fluctuating pressures at the wall for'a well-behaved turbulent

13



boundafy layer is known to have a weak dependence on Reynolds number
through the skin friction coefficient. However, the pressure levels
measured on the model were so much higher than flat wall wind tunnel
experiments would predict (due to the influence of the sbort tower),

1t is doubtful that this same dependency of the pressure magnitude on
skin friction coefficient is present (see section 4.6 below). Also,
since the measurements were taken at Reynolds nunbers at least an order

. of magnitude below the full scale Reynolds numbers, linear extrapolation
would be unreaslistic.

No attempt has been made to incorporate finite transducer size correc-
tions to determine the true mesn pressure. The process of integration
as suggested by Corcos, ref. i, (based on an assumed space~-time cross
correlation at all points in the plane) would result in a correction on
the order of 3.5 decibels to be added to the overall pressure level of
that octave band whose full scale geometrical mean frequency is approxi-
mately 1,500 cps. When scaling from model to full scale, there is a
possible slight frequency shift of the,geométrical mean frequencies for
each octave band depending on Mach number. This correction is also felt
to be too detailed for the type of analysis performed here.

Some general trends can be observed in the data by examination of the
overall fluctuating pressure quoted on the figures for zero angle of
‘attack. For example, when a protrusion presents a minimal surface area
to the flow and is gerodynamically faired, the fluctuating pressure
levels are actually reduced near its leading edge. However, as in the
case of the chill down duct, the levels to the side and rear of the

leading edge are increased by the presence of the protrusion.

In contrast to this, protrusions which presenf large fairly blunt sur-
faces to the flow, such as a diameter change in the véhicle, produce
large regions of separated flow in front of the disturbance in which high
levels of fluctuating pressures exist. One difficulty in testing for
these phenomena in a wind tunnel is the presence of reflected shock waves
on the model body during transonic speeds. A recent full scale in-flight




measurement suggested that the erratic and sometimes high levels measured
at transonic speeds may be partially, if not entirely, due to these re;
flected shocks. If that is true, the somewhat peculiar variations mea-
sured during these speeds, may be attributed to this test limitation.

An attempt was made to determine if there was a roll angle dependency of
pressure distribution around the vehicle by rolling the whole model at
Mach 1.6. A comparison of the data shows that in all cases the levels
were equal to or higher than those recorded before the roll. However,
examination of the recorded tunnel characteristics for the roll run in-
dicate that in addition to a 31.50 roll angle with the usual pitch dir-
ections of -8 to +8 degrees, there was‘a -17 degree yaw angle. In con-
sequence, the levels recorded for this one special roll angle run are
not indicative of the levels one might expect to record with a o° yaw
angle. It is felt that the -1T7 degree yaw angle influence was respon-
sible for the maximum of 4 decibel increase in all the levels reéorded.
In the study of repeatability (next section), two of the three runs at
Mach 0.8 for the A configuration had small yaw and roll angles other
than o°. The good repetitive quality of the data for these runs as well
as for the rolled model run mentioned above suggests the independence of
the levels on pitch, yaw, or roll except for a few particular model loca-
tions where such a dependence does exist (see Section 4.3 below). Actu-
ally, however, no valid conclusion can be drawn from the data of this
test concerning the effects of a roll angle on the fluctuating pressures
at the model's surface.

k.2 Repeatability

One of the prime concerns at the beginning of the test was whether the
data were repeatable--that is, whether duplication of the results would
be achieved during similar runs. To determine the extent of this,
several runs were duplicated one or more times. The results are plotted
on Figures 49 and 50. Two different configurations, A and B, are each
examined for two different Mach nunbers. It can be noted immediately

" from the figures that repeatability seems excellent except at the tran-
sonic speeds. Part of the difference between runs 12 and 15
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(configuration A) can be attributed to a considerable difference in wind
tunnel total pressure between the two runs. If this correction is made
in terms of a dynamic pressure or a correction, all the FPL's of run’ 15
are reduced by slightly over 3 decibels with respect 1o run 12. This
would make the largest deviation from the arithmetic mean be approxi-
mately ¥ 3 decibels, which is acceptable. In the case of the B configur-
ation at Mach 0.9, only one location has a really serious discrepancy.
However, shadowgraphs of the tunnel flow indicate considerable difficulty
with weak reflected shocks at the transonic speeds. The shock wave loca-
tions on the vehicle were not stable and thus it is to these effects
that any variations are attributed. } |

Assuming the test results to be repeatable except perhaps at transonic
speeds, it seems difficult to explain the difference in overall fluctu-
ating pressure levels measured on the command module between the three
configurations (an area unaffected by model changes) unless it is con-
cluded that major modifications at the rear of the model can affect flow
characteristics upstream or that the shock attachment position produces
a very severe yet localized effect. Bearing in mind the earlier conclu-
sion of very good repeatability, it would seem that one of these conjec-
tures is a necessary corollary.

Four transducers were placed on fin plane IV (opposite«four of the {trans-
ducers on fin plane II) to investigate symmetry of the vehicle. These
meke it clear that the high fluctuating pressure levels on the command
module are a localized condition due to the shock waves and perturbed
flow behind the escape rocket. Figure 51 indicates the variation with ~
configuration and Mach number of two transducer locatlions both at
Station 1637 but‘180° apart. Some differences occur between transducers
on opposite sides of the model, but larger differences exist between the
model configurations. For the most part, symmetrically placed trans-
ducers show similarities in magnitudes and agreement in angle of attack
dependency (though reversed--the minus angles for one are equivalent to
the positive angles for the other 180° away).




4.3 Angle of Attack Dependence

One of the most interesting aspects of the boundary-layer-induced fluctu-
’azing pressure test is the dependence of overall level for any one trans-
ducer location on angle of attack. When the data are examined closely
the following conclusions for the Saturn vehicle become obvious. First,
for most positions, very little change occurs with a pitch angle of
attack variation from -8° to +8° Secondly, where a marked angle of
attack dependency does exist, it invariably is associated with a region
of the surface being affected either by (1) a shock wave attached to the
body and located over the sensing element, or (2) "cavity resonance"
effects within separated flow regions. To elaborate further, when a
sensing element is directly below a shock wave attached to the body, a
pitching of the model will alter the shock attachment location (see
Figures 52-55) and thus might vary the levels of the recorded signal by
0-25 ab.t '
of 20 db. Most of the energy was between 20-100 cps full scale (700-

The largest variation recorded in this test was on the order

3400 cps model scale) when the sensing element vwas directly beneath a
shock that was somewhat detached from the surface but affecting the
boundary layer in a localized region (leeward side of pitched model).
By contrast, when the transducer was Jjust in front of or Jjust behind the
attached shock (windward side) the octave band spectrum energy was well
distributed throughout most of the frequencies (10-1500 cps full scale
or 300-70,000 cps model scale). Figures 56 to 63 illustrate this point.

The second association mentioned above is the most surprising. Within
sgparated flow regions (between the oblique shock at the point of separ-
ation or a pfotrusion such a8 the ullage rocket and the end of the separ-
ated flow volume) whistle or organ pipe~like resonances seem to occur.
The sawtobth distribution of pressure levels within these resonator
volumes is observable at all speeds tested. Figures 64 to 66 clearly

show the sawtooth pressure distribution; as a function of'Ma;h number,

1 Based on experimentation in the Douglas 1 £t x 1 ft wind tunnel -~ data

conveyed verbally to the writer.
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which telescopes to remain within a "confined" region of separated flow
for each of the models at O° angle of attack. The phenomenon is greatly
reduced for the B configuration on Fin plane I1 where the I-beam wedge .
mininizes the "parallel wgll" cavity. The shadowgraphs in Figures 67

to 69 show the change in character with angle of attack of the separated
flow region betﬁeen an ullage rocket and the S-IV to S-I Juncture: When
the model is pitched down, multiple shocks (due to the chilldown duct)
appear to bhe affecting the region in addition to the turbulence. As the
model pitches up, this region becomes a leeward pocket such that the flow
no longer blows across its opening to generate acoustic~type resonances.
This appears to be the explaination for the dependence on angle of attack
of the spectrum shape for the affected transducer locations.

Another experimenter2 has recently measured a similar type of phenomenon
within the separated flow reglon, and concurs that an adequate explana-
tion for the results does not exist at this time.

Another factor to be considered is the angle of attack influence on the
octave band spectrum. TFigures TO to T5 are typical examples of those
‘measurements within a separated flow region which showed a marked de-
pendence on the angle of atback. As stated earlier, the transducers so
affected (providing a variation in overall level greater than or equal
to 8 db within the -8° to +8° regime) were, in all instances, located in
the very near vicinity of a shock wave, or near what appears to be nodal
positions in a separated flow region of the model.

2 A. Kistler verbally presented results in the Brussels Symposium on

"The Mechanisms of Noise Generated by Turbulent Flows" during the
spring of 1963 that indicate he measured just such a surprising result.
The title of his paper was "Surface Pressure Fluctuations Produced by
Attached and Separated Supersonic Boundary Layers".




L. Spectra®

No clear-cut distinction was apparent between the mechanisms which pro-
duced differently sheped spectra. When the mass of data is examined, a
particular spectrum shape can usually be found associated with any kind
of flow for any Mach number. This is not to say that general trends do
not appear, but rather that the categorizing of spectra is not invariant.

With this in mind, the following major octave band spectrum shapes were
identified, and these were associated with the flow characteristics

which produced such a shape the majority of the time on the Saturn I
model.

1. Smooth body turbulent boundary layer (influenced by the
abort tower at all Mach numbers tested) often produced a
spectrum in which the peak was located in the low fre-
quencies (10-100 cps full scale frequencies)

2. A separated region of turbulent flow at subsonic or trans-
onic speeds often indicated a double peak spectrum. One
of the pesks would usually occur in the low frequencies
(10-100 cps full scale) with an additional peak often
occurring simultaneously in the mid-frequencies (300-1600
cps full scale)

3. At supersonic speeds in the separated regions, the low
frequency peak disappeared leaving only a mid-frequency
peak (300-1600 cps full scale)

4, In flow reglons other than separated at the supersonic
speeds, the octave band spectra often became quite broad
and flat throughout the frequency range tested.

5. In rare instances, at transonic speeds only, the separ-
ated flow conditions combined with shock wave interaction
to produce a few spectra which had a rather sharp peak
between 100-300 cps. :

The gbove are general trends which are commonplace, but which are trans-
cended in many inétances. It had been hoped that more definitive patterns
would evolve. However, the sbort tower-escape rocket combination seems

*Note: The word Tspectra” will be used herein to denote the shapes of
the octave band fluctuating pressure levels over the frequencies
measured during this test (300-78,000 cps model scale).
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to be markedly influencing the fluctuating pressure characteristics over
the entire vehicle.

L.5 Explanation of the Low FPL's

There were many overall fluctuating pressufe ievels measured on the
models which were considerably below the apparent wind tunnel noise.
Figure 76 indicates the percentage of measurements which were above the
apparent wind tunnel noise levels, and thus, also shows the percent
falling below (about 20% of the total). Some of these low levels were
attributed to dropouts of response of the transducers. (Due to the
tigh£ scheduiing, the new transducer design, and difficulties in manu-
facture and calibration of the transducers, some instrumentation was
used which proved to be of intermittent behavior.) The number of trans-
ducers with this problem was, however, relatively small. In addition to
these few measurements attributed to faulty electronics, there were

st1ll many data points which registered levels below the apparent noise
levels of the tunnel.

Section 4.3 indicated one phenomenon which allowed such low levels to
occur-~-i.e., organ pipe-like resonance nodes. Another instance of
especially low levels, showing femarkable consistency of behavior, occurred
when the sensing element was located in a corner. The sketch directly
below indicates the situation.

Alr Flow =g
/ sensing element
{/\‘F::::rtransducer case

For the C configuretion, the addition of a 20° fairing produced such a

condition for a whole row of transducers. These were uniformly low. At
other times, sehsing elements a little further away on either side of a

corner also exhibited such a low level, but this resgult was erratic and

usually occurred at some angle of attack other than zero. In addition,

when a transducer was located near one of the nodal positions for the




acoustic-type resonance within the separated region, low level data were
cbserved. va the apparent wind tunnel noise is sufficiently scattered
.and diffracted by the flow, then such aulow level condition could exist.
Static pressure measurements in such notches and sepaéated flow reglons
did not indicate a reduced gas pressure which might otherwise account
for such a low level.

Oné striking uniformity does exist between the low level measurements.
They are, without any exceptions, contained within separated flow regional
boundaries (including those transducers located on the antenna panel on
the booster stage). It can generally be concluded that the highest and
the lowest levels are equally prevalent within these separated regions,
and further studles are necesssry to understand completely the unusual
variations which occﬁr. Tentative explanations have been propounded,

but only a test program designed explicitly to define the true spatial
distribution of fluctuating pressures within such a separated region
could verify any theoretical considerations.

4.6 Comparison With Other Measurements

Few other measurements are available which can directly be compared to
the wind tunnel studies discussed herein. Laboratory studies of the
boundary layer at the wall of the wind tunnel by Willmarth (for subsonic
speeds) reference 5, have been compared with some of the clean body
measurements for transducers located in the middle of cylindrical sec-
tions in somewhat well-behaved model flow (Apollo tower attached).
Figures 77 to 82 show the results of the Saturn wind tunnel study for
five Such locations plotted 1n’terms of the dimension-less variables
utilized by Willmaxrth.

To ccmrute the boundary layer thickness, the leading edge was assumed to
be that of the escape rocket. An average curve for Willmarth's wind tun-
nel vall studies has also been included. Experiments by Von Gierke,
Mull, and Algranti, and Williams, references 6, 7, and 8, seem to verify
Willmarﬁh's values within experimental error limits.




A recent document by Kistler and Chen (ref. 9) presents data for a well-
behaved turbulent boundary layer on a flat surface in a supersonic wind
tunnel. Unfortunately, the frequency region of greatest interest in
terms of the vehicle (ws*/uoo < 1) shows considerable scatter, and as
plotted (on a linear scale) presents that information too close to the
origin tc be accurately used in comparisons. In addition, no actual
values of mean square pressure have been quoted » 80 the magnitude of the
results from Kistler and Chen is not readily avallable. However, the
data being of such interest, the following procedures were used 0 manage
& rough comparison of supersonic and subsonic test results.

1. Assume a correction for the variation in mean skin friction

at the wall with Mach nunber based on the best available
test informatlion on drag.

2. Calculate the ratio of mean square pressure to mean skin
friction of Willmarth's data to that of Kistler and Chen.

3. Utilize the factor in 2 to denormalize the results quoted
in Figure 8 of ref. 9 based on the mean square pressure
measurements of Willmarth, and the integrated areas under
the curves.

If this denormalization was successful (the data hopefully resembling
that which was measured) then comparison of both experiments indicates

a considerable difference in spectrum shape (see Figure T7) between flat
plate subsonic and supersonic measurements. Comparing both of these
experimenters' work with the Saturn wind tunnel data, results in unsat-
Isfactory conclusions. TFor some locations, the general spectrum shape
resembl_es that of Willmarth except for high levels in the very low fre-
quencies. For other locations, the speth'\zm shape resembles the Kistler
and Chen data at ;Least for low frequencies. The wide scatter in the
Saturn wind tunnel data is due in part to the calculation of the boundary
layer displacement thickness 5¥. The Saturn configurations make it im-
possible to accurately calculate 5*, so it is assﬁmed that the escape
rocket nose is the leading edge of a smooth vehicle shape (this being a
 necessary but poor assumption). It is therefore obvious that no valuable
conclusions can be reached regarding flat wall wind tunnel data as com-
pared to the Saturn model data.




It is evident that the full scale Saturn levels are considerably higher
than the levels measured by Willmarth or Kistler and Chen. (Up to 34 db
at transonic speeds which is 50 times the original pressure and up to
29 db at su@ersonic speeds which is 28 times the original pressure «-
V—i?'; 0.3q and 0.168q respectively.)

Preliminéry comparison of this study's data with a similar test performed
on a larger model at North American showed good agreement. An in-flight
megsurement taken on a Saturn vehicle with dummy upper stages was com-
pared where possible with the wind tunnel information. Such a compari-
son is indicated in Figure 83. It should be noted that the model scale
transducer location used for comparison was somewhat comparable to the
full scale L65-20 measurement for subsonic speeds (through Mach 1.2) and
for higher Mach numbers, the model scale transducer location was approxi-
mately hSo away from the first location. This change resulted from model
instrumentation problems, and means that for supersonic speeds, the model
scale information is not being influenced by the near proximity of a .
hydrogen chill-down duct. The loss of agreement in the overall pressure
fluctuation levels for Mach numbers above maxiﬁum q might possibly be

due to the above described variations for maximum q and for a higher
Mach number (corresponding to the peak full scale measured levels). Once
again, the loss of the influence of the hydrogen chill-down duct on the
model scale measurement (as well as strong cross winds affecting the full
scale vehicle during this portion of the flight) might conceivably have
produced the spectra differences at the higher Mach numbers. More de=
tailed comparison of the model scale and full scale data is currently

being performed, and will be presented in another DAC . report.

There have been many wind tunnel studies on models similar to, or geo-
metrically like, the Saturn vehicle. However, prior to these Saturn
tests, no attempt had been made to extend the "full scale" frequency
range beyond 100 cps. Thus, no attempt can be made to compare the low
frequency data of these other tests with the wide frequency range data
of this test. ' -




4.7 Static Pressure Data

During the test, a limited exam;nation‘of static pressures on the model
was performed concurrently with the FPL investigation.' Only 13 static
faps on the model could be recorded during any one run. Some of these
are in fin plane II of the vehicle (the pitch plane) and pressure coef-
ficlents from these taps are plotted versus vehicle position in Figures
87 through 91. Two configurations are covered by this series of graphs,
and on Figure 87 is shown a comparison of the DAC static pressure data
with that interpolated from a 0.778% model measured at Marshall Space
Flight Center. Figures 88-91 show a comparison between the DAC measured
data and a Langley pressure-force test (ref. 10). 1In addition, a com-
parison between the DAC model data with that teken during flight on the
SA-3 full scale vehicle indicates excellent correlation in all but one
measurement. The following table exemplifies this. A vehicle pitch of
4° has been included in the model data to correspond with the in-flight
information.

Model Scale Model Scale Full Scale Full Scale Mach
Station (in) Cp Cp Station (in) No.

Leeward Measurements

985 0.42 0.48 989.3 1.2
963 0.hL 0.48 1019.3 1.2
985% 0.39 1.2
985 0.32 0.32 989.3 1.6
963 0.33 0.29 1019.3 1.6
985% 0.30 1.6
Windward Measurements
985 0.52 0.61 989.3 1.2
963 0.57 0.54 1019.3 1.2
985% 0.50 1.2
985 0.39 0.3h4 989.3 1.6
963 0.45 0.017 1019.3 1.6
985% 0.36 ' 1.6

% 45° away from the fin plane under examination
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No correlation between sharp static pressure gradients over the surface
with particularly high fluctuating pressure levels can be discerned. In
addition, no unusually low static presSﬁres are observable in the loca-
1lity of the extremely low fluctuating pressure levels measured directly
in front of a fairing. In every respect,'ﬁhe”static pressures measured

during this test were in agreement with the expected ones.

25






5.0 CONCLUSIONS

An extensive wind tunnel study to investigate the fluctuating pressures
at the surface of the Saturn vehicle has been described in this report.
The results have indicated a considersble success in this rather diffi-
cult undertaking.

The test has shown some interesting trends pertaining to the turbulent
boundary-layer-induced fluctuating pressures at the surface of the
Saturn model in particular, and to turbulent boundary layer studies in
general.

They are:

l. TFluctuating pressure levels are increased to the side and
rear of large protrusions (whether faired or not).

2. Abrupt broad-front high protuberances (such as a major
vehicle diameter change) produce large regions of separ-
ated flow in which an unusual pressure distribution is
cobserved.

3. Octave band spectra of the fluctuating pressures in dis-
turbed flow have various shapes which are sometimes quite
unlike wind tunnel flat wall spectra (produced by a well-
behaved slowly growing turbulent boundary layer). The
various shapes can be generally associated with particu-
lar flow characteristics, but erratic overlapping of these
general categories exists at all times~-perhaps attribu-~
table to the Apollo escape rocket and tower assembly.

L. Fluctuating pressure level dependence on pitch angle was
negligible except in isoclated cases where the measure-
ment was affected by a shock wave or was near what ap-
pears to be a nodal point in the separated regions.

5. Depressed edges usually result in very low levels.

6. Repeatability of the data was very good.

T. The data compare favorably with other available model
scale and full scale test information.

The above results indicate that the purpose of the test was achieved.

Prediction of increased fluctuating pressures at the vehicle surface due

2



to the protuberances (up to a maximum of 35 and 30 db for transonic and
low supersonic flight speeds, respectively) was verified. The resultant
effects of these increased loads on thé structure is beyond the scope of
this report. In addition, even though the relative increases are no
doubt valid and preliminary comparisons with full scale data appears
promising, the actual order of magnitude and frequency scaling of the
model scale data to predict full scale results must be further verified.

Finally, additional studies are certainly warranted to investigate the
flovw condition described above which contains some of the highest as
well as the lowest levels recorded on the model. A complete description
of the excitation including spatial pressure distribution as it varies
with the several parameters involved, and space time correlation, is

necessary before an intelligent evaluation can be made of the resultant
influence on the vehicle.
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APPENDIX A

Quoted from a LTV RESEARCH CENTER, Western Division Note

Ling-Temco-Vought, Inc.
Anaheim, California

CALIBRATION OF THE ATLANTIC RESEARCH PRESSURE TRANSDUCER, ID 80-ML
For
Douglas Aircraft Company

Missile & Space Systems Division
Santa Monica, California

SUMMARY

A comparison calibration of the Atlantic Research Pressure Transducer, ID 80-ML,

has been performed. The pressure sensitivity of the transducer was compared to
-aB &K 1/h-inch microphone at frequencies up to 100 keps. Sinusoidal signals
were generated by the electrostatic transmitter as an ultrasonic source for
making this comparison. Diffraction corrections were calculated taking the

active membrane and housing size of the microphone into account.

INTRODUCTION

The measurement of boundary layer noise with a flush-mounted transducer re-
quires pressure callbration of the transducer. This calibration is performed
at frequencies up to 100 kecps in order to cover the frequency range of inter-
est during model studies. To cover this frequency range, electrostatic trans-
mitters are used because of the uniform response achieved by these devices,
Reference 11. With the electrostatic transmitter as a common sound source, a
comparison of the free field transducer sensitivity to that of a laboratory
standard is made. Corrections which account for the 5%ysical size of the de~
vice are applied to the free field sensitivity measured in order to obtain

true pressure response.
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CALIBRATION TECHNIQUE

Due to the extremely low sensitivity of the Atlantic Research Pressure Trans-
ducer, the electrostatic transmitter was placed approximately 6 inches from
the active element. With this ciosé spacing, standing waves between sensing
element and transmitter were possible, therefore, a warble tone signal was
used to perform the calibration. A B & K 1/4-inch Condenser Microphone was
used as the laboratory standard and a point-by-point comparison of sensitivity
at frequencies from 1600 cps to 100 keps was made. Also, a response recording
of each transducer and the laboratbry standard was made covering the range
from 15 keps to 100 keps. |

The pressure sensitivity of the microphone was obtained by subtracting a cal-
culated diffraction coefficient from the measured free-field response. A
typical calibration is shown jin Figure 92.

Frequency response recordings of a group of transducers show a smooth response
and do not justify the peak at TO keps. Cormbined with the information supplied
by the customer that the resonance frequency of the ceramic element is st about
Loo keps, it becomes apparent that the actual diffraction differs from that
calculated. The actual diffraction coefficient was determined by averaging
the free field,respoﬂ%e of a number of transducers with uniform response and-
assuming that their pressure response is flat up to 100 keps. This actual
diffraction coefficient is shown in Figure 93 (bottom cur%e). A pressure
response obtained by applying the actual diffraction coefficient is shown by
the solid line in Figure 92. '

CAICUIATIONS AND DIFFRACTION COEFFICIENTS

. Diffraction coefficients were calculated by procedures described in Reference

12. The active membrane diameter used was .l inch. with an outer housing dia-
neter of_.375-inches. The calculated diffraction coefficient is shown in
Figure 93 (top curve). Also shown in Figure 93 is the dfffraction coefficient
derived by assuming the average Ablantic Research Microphone has a flat res~
ponse. The calculated values esteblished below 40 KC ‘are used with confidence

since only first order diffraction effects exist at these frequencies. At




higher frequéncies, the theory applied breaks down as a result of inadequacies

of the assumption in its derivation and would be expected to give an unreli-
‘able result. '

CONCLUSION

' The method for obtaining a pressure calibration for the Atlantic Research

Microphone has been reported. The calibration is accurétevwith-f~l dblup*to o

20 keps and + 2 db above this frequency.
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REAR VIEW OF THE FLAT PLATE SHOWING THE FAIRING

OVER THE TRANSDUCER CASE AND LEAD
(SENSING ELEMENT FLUSH IN OPPOSITE SIDE)
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VIBRATION SENSITIVITY OF THE
LD 80-M1'S TO A 2G SINE WAVE INPUT AT 800 CPS

TRANSDUCER OUTPUT IN TRANSDUCER OUTPUT IN
SERIAL NO. RMS MILLIVOLTS SERIAL NO. RMS MILLIVOLTS

0 17 31 33

2 23 2 20

3 2 3 37

5 19 34 15

6 12 3% 13

7 19 3 1.90
10 20 39 29
11 52 82 31
12 76 43 46
13 Al m 7
" 20 45 £2
15 28 Iy 61
2 34 4 2.80
21 17 49 68
2 % 50 5
% 15 52 370
277 2 54 3.90
5 2 56 112
2 35 59 90
2 35 60 7

FIGURE 20
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COMPARISON OF TWO TRANSDUCERS 180° APART AT
STATION NUMBER 1637 FOR DIFFERENT CONFIGURATIONS

1 OVERALL FPL's VS. MACH NUMBER
© FIN PLANE If A CONFIG.
@ FIN PLANE Il C CONFIG.
<170 [ FIN PLANE IV A CONFIG.
S @ FIN PLANE IV C CONFIG,
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SHOCK ON THE FORWARD INTERSTAGE SHOULDER OF THE S-1V STAGE
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SHOCK ON THE FORWARD INTERSTAGE SHOULDER OF THE S-IV STAGE
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FIGURE 55

SHOCK ON THE FORWARD INTERSTAGE SHOULDER OF THE S-IV STAGE
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OF THE WIND TUNNEL
PERCENT VS. MACH NO.

‘PERCENT OF MODEL FLUCTUATING PRESSURE'MEASUREMENTS
GREATER THAN THE APPARENT NOISE LEVELS
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